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Abstract. -The spin density of the free radical DPPH (diphenylpicrylhydrazyl) has been studied in the crystallized form DPPH CgHg with the paramagnetic moments orientated, at low temperature, by an external magnetic field. As the crystal structure is not centro-symmetrical, it is not possible to obtain directly the magnetic structure factors from the experimental flipping ratios measured by polarized neutron diffraction. For this reason we have represented the spin density by a multipole expansion on the different atons, and determined directly the parameters of this expansion by comparing with the observed flipping ratios. A large amount of the spin density is shared between the 2 nitrogen atoms (% and Ng) of the hydrazyl group. The remaining part is delocalized on the 2 phenyl and the picryl rings. These results are compared to magnetic resonance data.
1. Introduction. -The stable aromatic free radical a,a-diphenyl (3-picryl hydrazyl (DPPH) was among the first paramagnetic species investigated by electron spin resonance (ESR) [1] , and its remarkable chemical stability and narrowness of its resonance line have made it a widespread standard for measuring unpaired spin concentrations and effective gyromagnetic ratios [2] . DPPH crystallizes in several different forms, with [3a] or without [3b] the inclusion of solvent molecules. Complete X-ray determination of the crystal structure at room temperature was first performed on the best grown crystal form, the DPPH : C^Hg complex [4] , and later extended to acetone-containing DPPH crystals [5] , revealing in both cases a rather twisted conformation (Fig. 1, The DPPH molecule i s one of t h e most widely i n v e s t i g a t e d molecules using magn e t i c resonance techniques [6] . ESR measurements on d i l u t e solutions have mainly yielded t h e hyperfine couplings of t h e c e n t r a l nitrogen atoms i n a l a r g e v a r i e t y of physical conditions. Both t h e contact and d i p o l a r p a r t s of these couplings have been shown t o depend s i g n i f i c a n t l y on t h e solvent composition, r i g i d i t y and s t r u c t u r e , and t h e s p i n d e n s i t i e s t o be almost a s l a r g e on t h e nitrogen linked t o t h e twophenyls a s on t h e nitrogen linked t o t h e p i c r y l [7] . Nuclear magnetic resonance (NMR) of concentrated samples has e s s e n t i a l l y provided t h e magnitudes and signs of t h e hyperfine couplings of t h e r i n g protons [8] and of t h e p i c r y l nitrogens [9] , revealing an extensive s p i n d e l o c a l i z a t i o n and p o l a r i z a t i o n on t h e whole molecule. Contact hyperf i n e couplings have been determined most accurately by electron-electron double resonance (ELDOR) f o r t h e hydrazyl n i t r o g e n s [ l~l and by electron-nuclear double resonance (ENDOR) f o r t h e r i n g protons [ I l l . The hydrazyl nitrogens appear t o share about 70 % of t h e t o t a l s p i n d e n s i t y , t h e remaining p a r t being delocalized on t h e 2 phenyl and t h e p i c r y l r i n g s , with a l t e r n a t i n g p o s i t i v e and negative signs on t h e r i n g carbons, i n agreement with quantum mechanical c a l c u l a t i o n s LIZ].
One remarkable f e a t u r e of t h e magnetic resonance r e s u l t s f o r t h e h~d r a z y l nitrogens i s t h a t t h e i r hyperfine coupling tensors appear c o n s i s t e n t l y quasiaxial and nearly p a r a l l e l [7] , whereas, i n t h e few cases where t h e exact molecular geometry has been determined from X-ray d i f f r a c t i o n data [4, 5] , t h e corresponding t r i g o n a l planes a r e a t an angle c l o s e t o 30'. Table I shows some s e t s of values obtained f o r t h e hyperfine couplings of DPPH under various conditions. The f i r s t column summarizes t h e most accurate values measured f o r t h e contact couplings using appropriate techniques. The second column r e c a l l s t h e values measured i n d i l u t e g l a s s y samples by ESR [7bl and i n pure c r y s t a l l i n e powders by NMR [8a] . The t h i r d column provides t h e corresponding values f o r DPPH : CgHg i n d i l u t e [7a,c] o r pure [8c] c r y s t a l s . The signs and assignments a r e confirmed by t h e t h e o r e t i c a l r e s u l t s given i n t h e f o u r t h column ; here, we have used t h e UHF s p i n populations pn calculated f o r an extended s t r u c t u r e [12bl together with t h e semiempirical r e l a t i o n s :
with the s p i n p o l a r i z a t i o n constants :
A s has been shown f o r n i t r o x i d e f r e e r a d i c a l s [ 1 4 ] , t h e d i r e c t determination of the s p i n density d i s t r i b u t i o n by neutron d i f f r a c t i o n techniques can reveal new and important r e s u l t s , complementary t o those obtained with magnetic resonance techniques. Contrary t o n i t r o x i d e r a d i c a l s , where the s p i n density i s concentrated on the N-0 group, DPPH o f f e r s a case of l a r g e delocalization,which makes i t a stimulating challenge f o r neutron d i f f r a c t i o n . Unfortunately, a l l t h e c r y s t a l forms of DPPH a r e noncentrosymmetrical and t h i s has prevented any study with polarized neutrons to be done so f a r . Recently a new technique f o r data reduction has been proposed [15] , which makes use of a multipolar expansion f o r t h e s p i n density. This method makes i t possible to study non-centrosymmetrical c r y s t a l s by polarized neutron d i f f r a c t i o n . W e have undertaken such an experiment on a DPPH s i n g l e c r y s t a l , the r e s u l t s of which a r e reported i n t h i s paper. I n t h e following: Section we show how multipolar e x~a n s i o n s make i t possible t o -measure s p i n d e n s i t i e s i n non-centrosymmetrical c r y s t a l s . Section 3 describes t h e determination of the c r y s t a l s t r u c t u r e of the DPPH:C6H6 complex using unpolarized neutron d i f f r a c t i o n . I n Section 4 we describe the polarized neutron experiments and the d e r i v a t i o n of s p i n density maps. I n the l a s t Section we discuss t h e r e s u l t s of neutron d i f f r a c t i o n i n r e l a t i o n t o those of magnetic resonance. Contact h y p e r f i n e coupling a ( i n Gauss) of t h e n i t r o s e n and hydrogen n u c l e i i n DPPH ( t h e numbersof n u c l e i a r e g i v e n i n p a r e n t h e s i s ) . [9] does 11, 111 -For N a ,~ one o b t a i n s a l s o t h e d i p o l a r coupling b ( i n Gauss) by ESR [7a,bl and f o r t h e H's, t h e i n t e r m e d i a t e v a l u e of t h e a n i s o t r o p i c t e n s o r by N M R [ 8 a , c l . The measured v a l u e s f o r t h e hyperfine couplings of t h e hydrazyl n i t r o g e n s range from a=6.3, b=5.0 t o a=8.7, b=7.0 f o r Na and a=9.4, b=5.0 t o a=13.0, b=8.0 f o r Ng [61.
I -ELDOR [ l o ] and ENDOR [ I l l do n o t provide t h e coupling s i g n s whereas NPR
I V -UHF c a l c u l a t i o n f o r p l a n a r DPPH.
Measurement of s p i n d e n s i t y d i s t r i b u t i o n s i n non-centrosymmetrical c r y s t a l s -

Multipolar expansion
The neutron i n t e n s i t y of a Bragg r e f l e c t i o n f o r a magnetic m a t e r i a l c o n t a i n s both t h e n u c l e a r s t r u c t u r e f a c t o r FN and t h e magnetic s t r u c t u r e f a c t o r FM. Accurate determinations of magnetic strqlcture f a c t o r s a r e u s u a l l y performed w i t h p o l a r i z e d neutrons and t h e f l i p p i n g r a t i o technique. One measures, f o r each r e f l e c t i o n , t h e r a t i o R obt a i n e d f o r two neutron s p i n s t a t e s up and down I f t h e n u c l e a r c r y s t a l s t r u c t u r e of t h e sample under i n v e s t i g a t i o n has been determined, then t h e n u c l e a r s t r u c t u r e f a c t o r FN i s known and hence FM may be deduced from measurement of R . I n t h e c a s e of c e n t r o symmetrical c r y s t a l s , f o r which FN and FM a r e r e a l , FM i s obt a i n e d by s o l v i n g equation ( 2 ) . I n t h e c a s e of non-centrosymmetrical c r y s t a l s , both FN and FM a r e complex q u a n t i t i e s Glass o r powder (11) [7bl 7.6 (b=5.9) 9.9 (b-7.8 and t h e expression f o r t h e f l i p p i n g r a t i o becomes :
EI o r t h o o u t e r H o r t h o i n n e r ( x 2 ) H p a r a H meta i n n e r H m e t a o u t e r --
The measurements o f R a l o n e cannot provide a knowledge of t h e two unknown q u a n t i t i e s Fh and Fi. To overcome t h i s d i f f i c u l t y we propose t o apply a model which provides an a n a l y t i c a To e s t a b l i s h t h e s p i n d e n s i t y map, t h e s e t of parameters (5, P ) which c h a r a c t e r i z e &m t h e s p i n d e n s i t y and f i t t h e experimental d a t a must be determlned. To do t h i s , given a s e t of parameters, FA and FS, a r e c a l c u l a t e d and a v a l u e Real f o r t h e f l i p p i n g r a t i o of each measured r e f l e c t i o n i s obtained from equations ( 3 ) . By comparing Real w i t h t h e measured f l i p p i n g r a t i o s Robs i t i s p o s s i b l e t o r e f i n e t h e parameters ( 6 , PL,) which b e s t f i t t h e d a t a .
.
The c r y s t a l s t r u c t u r e of t h e DPPH:CbH6 complex DPPH i s paramagnetic and i t s magnetic s u s c e p t i b i l i t y follows a Curie law, with a magnetic moment of 1 )Ig p e r molecule. For t h e p r e s e n t i n v e s t i g a t i o n , one i n t e n d s t o measure t h e magneticamplitude FM (F = F' + iF") s c a t t e r e d by t h e component of t h e M M M magnetic moment a l i g n e d by a n e x t e r n a l magnetic f i e l d , and compare i t w i t h t h e nuc l e a r amplitude FN (F = F' + i~i ) s c a t t e r e d by a l l t h e n u c l e i of t h e DPPIS molecule. 
N The magnetic moment i s smarl compared t o t h e n u c l e a r s i g n a l , and only p a r t of i t i s a l i g n e d by t h e f i e l d . To o b t a i n a degree of a l i g m i e n t l a r g e enough t o make t h e magnetic s i g n a l measurable, i t i s necessary t o perform t h e neutron d i f f r a c t i o n experiment a t very low temperature, i n o r d e r t o t a k e advantage of t h e i n c r e a s e of s u s c e p t i b i l i t y w i t h d e c r e a s i n g temperature. A t very low temperatures, however, t h e s t a t i c s u s c e p t i b i l i t y r e v e a l s s t r o n g dev i a t i o n s from t h e Curie law, due t o a n t i f e r r o m a g n e t i c exchange coupling between adj a c e n t molecules : f o r pure DPPH c r y s t a l s a maximum occurs around 10K [17a], whereas f o r t h e DPPH-C6H6 complex (where t h e f r e e r a d i c a l s a r e k e p t a p a r t by t h e benzene molecules) t h e s u s c e p t i b i l i t y reaches a maximum around 1K [17b] (see F i g u r e 2). This l a t t e r form i s t h e r e f o r e b e t t e r s u i t e d f o r a p o l a r i z e d neutron study made a t t h e helium temperature T = 4.2K. As a l l o t h e r forms of DPPH, t h e DPPH:C H complex i s non-centrosymmetrical : i t s space group i s PC with 2 molecules of botk $PPH and C H i n t h e c r y s t a l c e l l (Z = 2). 6 For t h e s p i n d e n s i t y determination, t h e c r y s t a l s t r u c k r e , a s determined a t room temperature by X-rays [41 i s n o t a c c u r a t e enough. I n p a r t i c u l a r one has t o know t h e l o c a t i o n of t h e hydrogen n u c l e i and a l s o t h e e x a c t v a l u e s of a l l t h e thermal Dara-
T~K)
Pig. 2 -Magnetic s u s c e p t i b i l i t y
x as a function of t h e inverse of t h e temperature 1/T f o r DPPH solvent f r e e and f o r the DPPH:C6H6 complex C 17a,bl 2 meteys a t the temperature f o r which the s p i n d e n s i t y i s measured. For t h i s reason, we have f i r s t undertaken a low temperature unpolarized neutron c r y s t a l study, on a DPPH-C6H6 s i n g l e c r y s t a l . This experiment was performed on the 4 c i r c l e diffractometer Dl5 of t h e ILL. The temperature, produced by a two s t a g e r e f r i g e r a t o r , was 10K. The l a t t i c e constants a t t h i s temperature a r e reported i n Table 11-1270 independent r e f l e c t i o n s were c o l l e c t e d and corrected f o r absorption. W e have r e f i n e d the p o s i t i o n s and a n i s o t r o p i c thermal parameters of a l l atoms i n the c e l l . The f i n a l weighted agreement f a c t o r f o r a l l r e f l e c t i o n s was 3.6 %. (Fig. 1, Table 11) . The main d i f f e r e n c e between the 2 s e t s of r e s u l t s i s i n a systematic c o n t r a c t i o n o f bond l e n g t h s a t 10K. The deviation from p l a n a r i t y of the environment of N i s about 3". The 2 phenyl r i n g s a r e completely planar, but with d i f f e r e n t t w i s t t n g l e s with r e s p e c t t o the N plane. a picryl/NaNBC1 32.9" 33.7O Table I1 : L a t t i c e constants, bond lengths, planar angles and dihedral angles defining t h e s t r u c t u r e of DPPH s y n c r y s t a l l i z e d with C6H6 a s determined by X-rays a t room temperature [41 and by neutrons a t 10 K. F i n a l l y , a s i t was r e p o r t e d L41 t h a t a c e r t a i n amount of benzene may evaporate from t h e mixed c r y s t a l s , we have r e f i n e d t h e e x a c t stoichiometry of t h e C6H6 molec u l e s , and found e x a c t l y 1:l. As our c r y s t a l s had been s t o r e d a t -20°C, we concluded t h i s was enough t o prevent evaporation.
The main f e a t u r e s of t h e c r y s t a l s t r u c t u r e thus measured a r e s i m i l a r t o those reported by Williams
DPPH-CSH6 - ua al u u c -rl u U u ua rd G d o L:
P o l a r i z e d neutron measurements and d a t a treatment
TIie p o l a r i z e d neutron experiment was performed a t a temperature of 4.2K, w i t h a n a p p l i e d magnetic f i e l d of 4.65T provided by a cryomagnet on t h e D3 d i f f r a c t o m e t e r of t h e ILL Grenoble. The wavelength of t h e neutron beam was 0.90 &. The sample was a singl: c r y s t a l of DPPH:C6H6, of dimensions 1 x 2~6 mm, w i t h t h e long dimension c l o s e t o t h e a a x i s o f t h e c e l l . The c r y s t a l was o r i e n t e d w i t h t h i s a x i s v e r t i c a l , paxa l l e l t o t h e magnetic f i e l d . The f l i p p i n g r a t i o s of 425 i n e q u i v a l e n t Bragg r e f l e ct i o n s were measured, l i f t i n g when necessary t h e counter above t h e h o r i z o n t a l plane t o measure i n l a y e r s o t h e r than t h e zero l a y e r .
The treatment of t h e f l i p p i n g r a t i o s was conducted a s explained i n S e c t i o n 11. The s p i n d e n s i t y was expanded i n atomic multipoles according t o r e l a t i o n (4), and t h e parameters 5 and Pi m were r e f i n e d . Experimental c o r r e c t i o n s due t o imperfect p o l a r i z a t i o n and f l i p p l n g e f f i c i e n c y , X/2 contamination and n u c l e a r p o l a r i z a t i o n of hydrogen atoms were.included, modifying s l i g h t l y r e l a t i o n ( 3 ) . A t t h e p r e s e n t time no diamagnetic c o n t r i b u t i o n t o t h e magnetization d e n s i t y has been removed. This remains t o b e done.
I n t h e following, we p r e s e n t p a r t i a l r e s u l t s on t h e s p i n d e n s i t y , obtained with m u l t i p o l e s l i m i t e d t o R = 2. No c o n s t r a i n t was imposed t o t h e c e n t r a l n i t r o g e n s , b u t t h e s p i n d e n s i t y on t h e carbon atoms was c o n s t r a i n e d t o t h e i r 2pz o r b i t a l s , perpend i c u l a r t o t h e r i n g . No s p i n d e n s i t y was examined on t h e NO groups. The t o t a l numb e r of parameters t o be r e f i n e d was 39. The least+square reginement corresponds t o X* = 2-76" The s p i n d e n s i t y map, p r o j e c t e d along c , i s r e p r e s e n t e d i n Figure 3 .
Discussion
As seen i n t h e map, t h e l a r g e s t amount of s p i n d e n s i t y i s located on t h e two c e n t r a l n i t r o g e n atoms. However, and c o n t r a r y t o t h e c a s e of n i t r o x i d e r a d i c a l s [14] , 30 % of t h e s p i n d e n s i t y i s d e l o c a l i z e d on t h e two phenyl and t h e p i c r y l r i n g s .
The s p i n d i s t r i b u t i o n over t h e d i f f e r e n t p a r t s of t h e molecule i s i l l u s t r a t e d by t h e 3 ~r o j e c t i o n maps given i n Figure 4 . The s p i n d e n s i t y of t h e hydrazyl (Fig. 4a) i s proj e c t e d perpendicularly t o t h e plane containing t h e %-NB bond and biss e c t i n g t h e C7KC13 angle. It i s w e l l separated i n t o two Zp-type atomic o r b i t a l s and evenly d i s t r i bu t e d between them. At t h e p r e s e n t s t a g e of d a t a refinement t h e axes of t h e 2 s p i n d i s t r i b u t i o n s appear n e a r l y p a r a l l e l , whereas t h e l o c a l s t r u c t u r e i s t w i s t e d by over 28' (Figure 1 , Table 13 . T h i s may be linked t o t h e very low v a l u e observed by ESR f o r t h e a n g l e between t h e axes of t h e h y p e r f i n e coupling t e n s o r s of t h e two c e n t r a l n i t r o g e n s [ 71.
However, d e p a r t u r e of hyperf i n e coup l i n g s from t h e l o c a l s t r u c t u r e has been a t t r i b u t e d i n o t h e r systems c ) p e r p e n d i c u l a r l y t o t h e phenyl r i n g (C,)
A d j a~e n t~c o n t o u r s a r e separated by 0.03 Y~/ A~. D e l o c a l i z a t i o n of t h e s p i n d e n s i t y has been observed on t h e carbon atoms o f t h e t h r e e r i n g s of t h e molecule, i n accordance w i t h t h e magnetic resonance d a t a . The p r o j e c t i o n maps onto t h e 2 phenyl planes ( Fig. 4b and 4c ) show t h a t t h e s p i n d e n s i t y on t h e carbon atoms i s a l t e r n a t i v e l y p o s i t i v e and negative, a s p r e d i c t e d by t h e o r e t ic a l c a l c u l a t i o n s i n c l u d i n g s p i n ~o l a r i z a t i o n [12b] and i n agreement with N M R r e s u l t s [8a,8cl. Table 111 compares t h e s p i n populations of t h e 2pn o r b i t a l s f o r each carbon, a s deduced from t h e h y p e r f i n e coupling c o n s t a n t s measured on DPPH:C6H6 c r y s t a l s [8cl by t h e use of McConnellfs r e l a t i o n ( I ) , t o t h e monopole populations Po, a f t e r normali z a t i o n . A l l v a l u e s f i t i n t o t h i s scheme and t h e agreement i s q u i t e good. This can be considered a s a confirmation of McConnellfs c o n s t a n t QCH = -23 6 .
Moreover, t h e inequivalence of t h e two phenyl r i n g s , a l r e a d y noticed i n t h e NMR of s i n g l e c r y s t a l s [ 8 c ] , i s c l e a r l y i l l u s t r a t e d i n F i g u r e s 4b and 4c. The s p i n popul a t i o n s l o c a t e d on t h e carbon atoms of phenyl r i n g (C13), which makes a t i l t angle of 15' with regard t o t h e N, t r i g o n a l plane, a r e about twice a s l a r g e a s t h o s e r e l at i v e t o phenyl r i n g (C7),whose t i l t a n g l e i s 54". These d e l o c a l i z e d s p i n populations i n c r e a s e w i t h t h e o v e r l a p between t h e 2pT(Na) and 2pT(C) o r b i t a l s [ 1 9 ] , t h a t i s with cos2a, where a is t h e t w i s t angle. Resonance r e s u l t s i n DPPH s o l u t i o n s 1111, where no t i l t a n g l e can be d e f i n e d , do not permit t o d e t e c t a n inequivalence between t h e two phenyl r i n g s . Table 111 : Spin populatiors p of t h e 2pT o r b i t a l of t h e carbon atoms of DPPH :
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I -deduced from t h e experimental couplings i n DPPH-C6H6 [8cl by use of t h e
McConnell r e l a t i o n (1) 11 -given by t h e normalized monopole population of each atom i n t h e m u l t i p o l e represent a t i o n of t h e s p i n d e n s i t y References [ I ] Holden A.N., K i t t e l C., M e r r i t t F.R., and Yager W.A., Phys. Rev. 2 (1950) 
